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ASYNCHRONOUS SERIAL ANALOG- TO- DIGITAL CONVERTER METHODOLOGY HAVING DYNAMIC 
ADJUSTMENT OF THE BANDWITH 



Background of the invention 

5 

The present invention relates to the methods of converting analog electric signals into a stream of 
binary data, to be implonented with Integrated Circuit technology in general, and' silicon 
Complementary Metal Oxide Semiconductor (CMOS) circuits and technology in particular. 

10 The fundamental problem of an analog-to-digital converter (ADC) is to determine for a given input 
voltage value "Vin" a corresponding digital binary value, **Bin". For exanq)le, an input voltage value 
of 1 volt might be encoded in binary as 00001000, and the value 1.25 volt might be encoded as the 
binary value 00001010. The process of assigning bmary values to particular voltage values and 
voltage ranges is called quantization. 

15 

The conventional characterization of ADCs relies, mostly, on a few figures of merit, namely: 

(a) The conversion rate: This metric, defined in number of samples per second (SPS), defines how 
fast can an individual conv^ion be performed; 

(b) The resolution: This melric defioies how maxxy bits are used to characterize in the digital domain 
20 an input voltage value. It is defined as the nxnnber of quantization bits, or bit depth; 

(c) The dynamic range: This metric defines the range of ii^ut voltage values that can be captured by 
the resolution of the ADC, and it is intimately connected with the maximum and minimum accepted 
input voltage levels, and the number of bits. 

25 In temis of implementation of ADCs there are three basic methods, which are briefly described herein after. 
There are many schemes for conversion of analog signals to a binaiy digital rqpresentatioa A 
conventional ADC uses a "Sanq)l6-and-Hold" (S&H) circuit to "capture" an "instantaneous" value 
of the input signal. The "captured" value is the input voltage to be converted The time interval until 
the next sample is captured, defines tlie conversion rate. The S&H circuit usually consists of a 

30 capacitor and a circuit to hold steady the electrical signal being digitized by the ADC circuitry. 

ADC conversion methods can be divided into three main classes, namely du-ect methods, feedback 
methods and integrating methods. These methods have distinct power consunqstion, accuracy and 
sampling rate metrics. 

35 
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In the direct methods, tbs ADC circuitry directly uses the isspat signal and con^ares it against a set 
q£ predefined reference voltage levels. For exas^le, in a parallel or flash ADC implementation with 
a quantization of N-bits, the input voltage is carapdxcd against a set of 2^-1 comparators. The output 
of each comparator directly defines a digital value for the input signal for a specific bit position. 
5 This is an extremely fast method but with increasingly prohibitive costs for larger numbers of 
conversion bits as for N bits, the implemoitation must have an electrical mesh with 2^ resistors and 
2^- 1 comparators. This method is also very prone to noise problems. 

Also in this cat^ory are the sub-ranging ADCs, sometimes also called ^^pipelined ADC 
10 architectures*'. In the sub-rangmg scheme, N conversion ADCs with B bits of resolution are 
cascaded to attain NxB bits of resohition. The idea is that each of the ADC successively refines the 
conversion; the first ADC converts the higher order B most significant bits; the next ADC the next B 
bits and so forth At each stage the input signal is subtracted with the analog values corresponding to 
the bits resolved at that point in the cascade, so that the next set of B bits can be converted. This 
15 scheme requires equal numbers of ADCs and digital-to-analog conversion circuits along with analog 
signal subtractor circuits. A potential drawback is the need for analog subtraction, which is prone to 
noise problems. Although quite hig^ throug^l^nit can be attained, the latency of conversion, L&, the 
time taken ibr a single conv^sion to be con^ileted, is relatively low. 

20 In the feedback methods, the binaiy representation for the signal is attained indirectly by conparing a 
running reference signal against the input signal. When the two signals match, the conversion stops, 
and the corresponding binaiy representation for the running reference signal is reported. Examples of 
this class of conversion schemes inchide the "single-slope" and 'dual-slope" methods. 

25 One version of this counter-based approach is the traddng or *^Successive Approximation^ 
Conv^ion. This method, rather than atteQq)ting to g^ierate a full binary representation of the input 
voltage at once, relies on a sequence of steps to derive the full binary value. A register is connected 
to a Digital-to-Analog Converter (DAC) that is connected to a comparator that checks the output of 
the DAC against the input signal. First, the method detamines the higher-order bit or bits, followed 

30 by the determination of the lower-order bits, until the full binaiy value has been determined. The 
conversion is done by successively setting the most significant outstanding untested bits of the 
regist^. A given bit of the register is set to 0 if the output of the DAC for that setting surpasses the 
input signal as noticed by the comparators output If not the bit of the register is set to 0 and the 
conversion advances to the next bit of the register. 



35 
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There are numerous inxpiementations of the successive approxiinatim method Some rtfy on a 
comparison of voltages, ei&er the input voltage or a reference ydtage g^erated by a DAC. The 
comparisons proceed using a binary search strategy until all bits are resolved. Another commonly 
used approach, as popularized by the Delta-Sigma method, consists of using a digital up/down 
5 counter in which the value of the countG" is either incremented or decremented, based on the voltage 
difference between flie input signal and the analog conversion of the vahie of the digital counter by an 
auxiliary DAC. Overall, this m^od of tracking the input signal trades-ofif speed of tracking for 
precision of conversion, since the counter cannot keep iq) with very fast changing signals. 

10 Another version is the "Voltage-to-Time'* or "Voltage-to-Frequency" conversion approach. With 
this method, the input binary digital value corresponding to the input analog voltage is determined by 
the value of a digital counter. In the voltage-to-time conversion approach, the counter is allowed to 
count from 0 up to the time when the analog value, i.e., the result of the digital-to-analog conversion 
of the counter value, exceeds the input analog voltage. In the Voltage-to-Frequency conversion the 

15 counter is provided with a train of digital pulses viiose nuniber per unit of time (i.e., frequency) is 
proportional to the value of the mput voltage. The number of pulses generated for a defined time 
interval, detennines the binary digital value corresponding to the input analog voltage. The counter 
conversion method consists of a single analog comparator. At one input of the counter we have the 
input signal. The other input is coimected to an analog signal generated by a DAC circuit that in turn 

20 is connected to a binary digital counter. The counter is left running until the output of the DAC 
equals or surpasses the input signal. When this happens the comparator's output becomes active 
stopping the binary coimter and therefore the conversion. Of aU the methods menlianed above, this is 
the slowest but also the most precise, making it very attractive when raw speed is not an issue. 
In integrating methods, the quantization is accon^lished by converting the input signal amplitude into 

25 a time interval to be measured subsequently. The single slope method, is the simplest of the methods 
in this class, and consists of loading a capacitor vdth the ii^ut signal voltage and using a counter that 
is stopped when the capacitor voltage reaches a predefined reference value. The dual-slope 
conversion metliod is a version of this method with better insensitivity to variation of the parameters 
relevant to capacitor design While these methods are higjify linear and are good at rejecting input 

30 noise, they are quite slow. Another scheme is the first order Delta-Sigma. This scheme consists of a 
Deha-Sigma modulator, a digital filter, and a dedmator and relies on the spectral effects of over- 
samplmg to provide improv^ents of the signal-noise-ratio (SNR) of the overall conversion. 
Several refinemraits of these methods exist For exanq)le, current state-of-the art pipelined 
conversion inqslementations use a variant of the successive ^proximation methods, that allows each 

35 of a mair^ conversion stages to focus solely on converting a portion of the input voltage (rather than 
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the full amplitude), thereby increasing the throu^put of the convmion at the price of high^ overall 
conversicni latency. As for the Delta-Sigma methods, oth^ variants use multiple hits rather than a 
single increasing^decreasing bit as mentioned above. 

In terms of traditional applications, *Tlash ADCs" are used for applications when raw speed is of 
paramount importance, such as for the acquisition of short bursts or fast changing signals, i.e., high- 
frequency signals. "Yoltage-to-Frequency" methods are used when precision is more important thai^ 
speed 

Depending on the application, some methods are preferable to others. For exan:q>le, in image*sensors 
for digital photograpl^, if the A-to-D conversion had to be done serially for all pixels in the image- 
sensor, then either precision or pbcel count would have to be traded-ofiEl However, 2D arrays of 
pixels are highly suitable for massive parallelization, in which each column can have its own ADC, 
A further step in parallelization is to have "in-pixel ADC", provided the circuit area for the ADC is 
reasonable compared to the total area for the pixel. This is the type of application in which '"Voltage- 
to-Frequency" methods have been fevored, partfy due to their precision, and partly due to their low 
transistor count hi the field of image-sensors, tihe conventional &5ter methods of A-to-D conversion 
are inadequate due to ^ir hig}i implementation cost in torms of the overall number of transistors. 

Overall conventional schemes rely on the fact that the input signal, a voltage, has to be held constant 
for a short period of time. To this effect, conventional architectures have a sample-and-hold (S&H) 
circuit The S&H circuit consists essentially of a capacitor to charge up and hold the input voltage 
for as long as it takes to convert this voltage to a binary digital representation. In addition, the 
implementation defines the conversion rate in a rather rigid fashion (hardwkin^, with the latter being 
dependent on the time the S&H circuit holds the mpxst voltage value. The holding interval is the time 
of conversion, aod defines a time base fcr the remainder of the operations in the ADC. 

Another fimdaraental aspect of the current architectures is that, the number of bits dedicated to the 
conversion, is also predefined in a rigid fashion. For example in the Parallel or Flash ADC, the 
number of steps in the ladder defines the number of bits. In the successive approximation approach, 
the DAC also needs to have a predejfined number of bits. In conventional implementations of 
Voltage-to-Frequen(y conversion methods, the digital counters have also a predefined number of bits. 

Once defined, these two fundamental parameters, san^iing/conversion time and number of bits, 
constrain the current designs and do not allow for a flexible digitally programmable ADC. Therefore 



wo 2004/013971 



PCT/EP2003/008642 



5 

it is not possible to manage the available bandwidth of the ADC, to ade^t it to changing 
characteristics of the ii^ut signal and/or requiremoits for the conversioa The ADC architecture 
described this document is very flexible. It combines the precision of a voltage-to-jBrequency 
conversicm for veiy small differential signals, with an extrapolation scheme for large amplitude ii^ut 
signals. 

With respect to the fabrication technologies employed to manufecture integrated circuits, and 
especially CMOS technology, it is wdi known that historically the main driving £srces behind 
"Moore's Law" have been the purely digital circuits, such logic and memoiy. The incorporation of 
analog circuit demraits into an IC requires a more stringent control of the fabrication processes in 
order to reduce leakage currents and the variability of the electrical parameters of the analog 
components. Depending on the application, it may even be necessary to include more active 
elanents, such as bipolar transistors, in which case extra process steps need to be added to the 
fabrication flow, hi addition, some of the extra process steps interact with others, leading to an 
extensive and e3q)ensive jBne-tuning of the entire fabrication process. It is then not surprising that the 
leading edge Analog CMOS process technology usually lags one or two generations behind the 
leading edge Digital CMOS process technology available from the same vendor (siHccn foundry). 
Fiuihennore, the laws of CMOS scalii^ dictate the operating voltage to roug^ scale in the same 
proportion to the physical dimensions of the MOSFETs (this is called "constant electric field 
scaling"). This presents a serious problem to analog circuit design because the scaling of noise level 
does not follow the scaling of the operating voltage, and therefore tiie signal to noise ratio is reduced. 
It is very questionable if analog circuit design can be practical for operating voltages of 1 volt and 
below. 

It is therefore highly desirable to have ADC designs, which do not require analog circuit elements, 
such as adders and subtractors, and hence could be fabricated with the leading edge Digital CMOS 
process technologies. There are many advantages in using a CMOS process technology which is two 
generations more advanced, including the critical issue of making uimecessary the fabrication of 
bipolar transistors, due to the much better higji-fi-equency performance of the more advanced 
(smaller) MOSFETs. Other advantages include, more sophisticated digital circuitry, which may 
enable the co-integration of functionalities that would otherwise require extra ICs; the possibility of 
operation at a lower voltage with tiie consequent lowering of powerj| dissipation, with beneficial 
iwpsict on the heat removal and battery lifetime; smaller transistors also mean more ICs per wafer 
and thus lower production costs; etc. 



wo 2004/013971 



PCT/EP2003/008642 



6 

Object of the Invention 

A first object of the present inveation is a new analog-to-digital conversion methodology that can be 
in^lemented with circuit elements allowing digital processing of the input signals. 

5 

A second object of the invention is a new analog-to-digital conversion methodology that allows digital 
processing of the input signals without pre-definition of the number of bits. 

Another object of the invention is a new analog-to-digital conversion methodology that allows digital 
10 processing of the input signal without sampling and holding of the input signal. 

Yet another object of the invention is a new analog-to-digital conversion m^odology in which digital 
processing of the input signal is clock-less, and asynchronously dependent on the time-evolution of 
the input signal itself. 

15 

Another object of the invention is a new analog-to-digital conversion methodology that allows a 
dynamic, digital programmable, management of the bandwidth, trading dynamic range for conversion 
speed, as a function of the characteristics of the itqmt signal. 

20 Summary of the invention 

The method of the invention provides a serial scheme without pre-definition of the number of bits 
(dynamic range). This method does not sample & hold the input signal, it is clock-less and 
asynchronously dependent on the time-evolution of tiie inpvtt signal itself. Thereby, a programmable, 
25 dynamic adjustment of bandwidth (product of dynamic range and speed of conversion) of the analog- 
to-digital conversion process can be achieved depending on the characteristics of the input signal. 
Dynamic adjustment of the bandwidth is accomplished by digitally controlling a "threshold" value at 
the input capacitor of the comparator, which when met by the input signal, triggers a transition at the 
output of the comparator. 

30 

A Digital Control unit monitors the output of the comparator, and once a transition is detected, a 
command is issued to reset the input capacitor of the same comparator. Thus, the resetting of the 
input capacitor is asynchronous^ linked to the occurrence c£ transitions at the output of the 
comparator, which take place only if the input signal exceeds the threshold value that the input 
35 capacitor was pre-charged with Therefore, for as long as the input signal remains below the 
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threshold value, there will be no transitions at the output of the comparator, and no resetting of the 
input capacitor. The input capacitor is continuous^ e^osed to the input sigoal, tbus making 
possible to have a constant monitoring of the input signal widi mimmal circuit activity and hence 
minimal power dissipation. 

This methodology can be apphed to voltage signals and charge signals stored in reservroirs. The 
present disclosure presents multiple ex^plaiy implementations of the methodology of the present 
invention, suitable for voltage and charge input signals. 

The analog-to-digital conversion methodology of the present invention, apphed to charge signals can 
be implemented with a "charge-to-firequency*' scheme in which very small, well defined, "packets of 
charge" are subtracted from a "Charge Reservoir". The process stops when the residual charge in 
the "Charge Reservoir" is smaller than a "packet of charge". The quantization of the charge in the 
reservoir is accomplished through the counting of how mairy 'jackets of charge" were subtracted 
from the **Charg6 Reservoir" until it became en^ty, that is, until its residual charge became smaller 
than one ^^adcet of charge". 

The analog-to-digital conversion methodology of the present invention, apphed to voltage signals can 
be implOTiented with a "voltage-to-time" scheme, in which the input signal is extrapolated from the 
transient across a small capacitor. The time taken by transient voltage across the capacitor to reach a 
known, well defined, reference voltage is used to extrapolate, what the input voltage is. The 
knowledge of the reference voltage, of the time constant of the capacitor, of the time talcen by the 
transient to reach the reference voltage, enables the calculation of the input voltage, through 
analytical formulas. 

Brief Description of the drawings 

FIG. 1 shows a first exemplary implementation of the method of the present invention for charge 
signals. 

FIG. 2 shows a second exemplary implementation of the method of the present invention for charge 
signals. 

FIG. 3 shows the timing diagram illustrating the mode of operation of the circuits shown in FIGS. 1 
and 2. 

FIG. 4 shows one exemplary implementation of the "Digital Control" block shown in the 
implementations of FIG. 1 and 2* 
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FIG. 5 shows the ADC of FIG. 1, applied to CMOS image sensors, in an arrangement suitable for 
"one ADC per cohmm of the sensor- matrix^*, 

FIG. 6 shows the ADC of FIG. 2, appHed to CMOS image sensors, in an arrangonent suitable for 
"one ADC per column of the sensor matrix". 
5 FIG. 7 is a circuit diagram exemplifying a first possible in^lementation of Hie present inv^tion for 
handling input signals of positive polarity only. 

FIG. 8 is a circuit diagram exemplifying a second possible implementation of the present invention 
for handling input signals of positive polarity only. 

FIG. 9 is a circuit diagram exeniplifying a first possible implementation of the present invention for 
10 handling input signals of positive and negative polarities. 

FIG. 10 is a circuit diagram exemplifying a second possible implementation of the present im^ention' 
for handling inpat signals of positive and negative polarities. 

FIG. 11 shows an exemplary circuit for the digital selection of analog positive reference voltages 
(Vref) for the circuits shown m FIGS. 1 , 2, 7 and 8. 
15 FIG 12 shows an exemplary circuit for the digital selection of analog negative reference voltages 
(Vref) for the circuits shown in FIGS. 9 and 10. 

FIG. 13 is a diagram showing the charging up of a capacitor with the definition of the parameters, 
Vin, Vref RxCref and Tref 

FIG. 14 is an exemplary diagram showing how for straight lines of different slopes, the same 
20 variation on the horizontal axis produces very different variations on the vertical axis. 
FIG. 15 shows a timing diagram of the circuit shown in FIG. 7. 

FIG. 16 shows a circuit providing the quantization of con^lex input voltage signals, such as the 
miiltitude of radiofirequency signals that are captured by the anteima of a cellular phone, for exanple. 
FIG. 17 shows one timing diagram of the circuit shown in FIG. 16. 
25 FIG. 18 shows another timing diagram of the circuit shown in FIG. 16. 

Description of the invention 

Analog-to-digital conversion methodology for charge signals. 

30 

When applied to charge signals, the method of the present invention quantizes the amount of charge 
present in a "charge reservoir" by subtracting a pre-defined small amount (a ''packet") of charge 
&om said reservoir. For as long as the amoimt of charge in the res^ou: is larger than a "packet of 
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diarge", one more 'jacket of charge" can be subtracted fircm the reservoir. The quantization process 
consists in counting the total amount of packets that are removed from the reservoir. 

Even thougih the amount of charge in the "reservoir" is an analog quantity, because the ^'packet of 
charge" is a known, precisely defined quantity, the charge-subtraction is itself a "digital process". In 
other vvords, the conversion process works by subtracting a small "digital amount" of charge firom an 
analog charge reservoir. 

A packet of diarge is defmed tliroug^ the pre-charguig of the input capacitor (Cref) of the 
comparator. The voltage with vMcla. die pre-dbarging is done, defines tiie exact size of &e "packet of 
diarge". 

FIGS. 1 and 2 show exanplaiy circuits illustrating the operating principle of the charge-to-frequency 
conversion. Both figures show a "Charge Reservoir" that is represoited by Capacitor CR, which can 
be implemented in CMOS technology by a Metal-Oxide-Semiconductor (MOS) capacitor or through 
a pn-junction capacitor. 

In the iniplonentation of FIG. 1» an external reset signal is incorporated into the path between the 
"Charge Reservoir" CR and the conq}arator. 

Initialization Procedure 

An initialization procedure is triggered by an extCTnal reset The "Charge Reservoir" (CR) is 
disconnected from the comparator: Tl is OFF, T3 is ON. 

Pre-chargmg of the input capacitor Cref: T2 is OFF, T4 is ON, T5 is ON, T6 is OFF, T7 is ON. 

Quantization Frocedicre ... 
Absence of external reset: the "Charge Reservoir" (CR) is connected to the comparator. 
TI is ON, T3 is OFF. 

The ADC is in standby mode: T2 is ON, T4 is OFF, T5 is OFF, T6 is ON, T7 is OFF. 

The timing diagrams illustrating the mode of operation of this implementation are shown in FIG. 3. 

If the amount of charge m the "Charge Reservoir" (CR) is largq: than the charge that Cref was pre- 
charged with, then a pack^ of charge Qref = Cref x Vref is removed from the reservoir CR. 
The initial condition (t?K)) at the "Charge Reservoir" (CR) was: 
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Vcr(t = 0) = Qcr(t = 0)/Ccr 
After the subtraction of one packet of charge Qref (t=l), one has: 
Vcr(t = 1) = [Qcr(t = 0) - Qref] /Ccr 

At that moment, and simultaneously, a transition takes place at the output of the comparator, which 
in turn triggCTS an internal resetting of the input capacitor Cref The internal resetting consists in 
"disconnecting" T6 from the diarge reservoir, and disdiarging Cref That is done through the Digital 
Control block switching T2 OFF and tumii^ T4 ON for a period of time that is related to the time 
constant of the capacitor Cre^ which can be foimd through a simple test procedure. As soon as the 
time mterval necessary to discharge Cief is over, the Digital Control block turns T2 ON and T4 
OFF, thereby e3q)osii^ Cref to the charge in the resOT^oir CR. 

At any given moment that the comparator is in a standby mode, and the amount of charge in the 
reservoir CR is smaller than Qref, the comparator remains in standby mode until the moment that the 
amount of charge in the reservoir CR is increased above Qre£ The pre-charging of the input 
capacitor Cref in the conq>arator with Qref = Cref x Vref, sets the size of the packet of charge. 
Eadi time a packet of charge is removed from the reservdbr, a transition takes place at the output of a 
comparator, which is monitored by the '^Digital Control'* block, an exemplary inq^lementation of 
which is shown in FIG. 4. 

When the Digital Control detects a transition; at the output of the coni^arator, it sends a command to 
reset the input of the comparator, which in turn leads to another transition (in opposition to the first 
one). These two transitions form a pulse, whose widtii is related to the time delay associated with 
Digital Control and with the discharging of the mpat capacitor (Cref) of tJhe coni^arator. The 
resetting of the capacitor at the input of the comparator makes it immediately available to be charged 
up again, and thus for another packet of charge to be counted 

For a number of subtractions N, the voltage at the "Charge Reservoir" CR is: 
Vcr(t = N) = [Qcr(t = 0) - N x Qref]/Ccr 

The number of pukes equals the number of packets of charge removed froni the charge reservoir, 
thus resulting in a "charge-to-frequency" conversion. The pulses are be used to incronent a (jray- 
code counter, shown in the drawings as the "Ck)unter" block, which was chosen to minimize ttie 
number of transitions and tiierefore the energy dissipation. The counter allows an external circuit to 
readout the value as the content of a static memory device. 
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The resetting of liie capacitor only happens if the output of the comparator changes state, which in 
turn depends on die input signal. The serial nature of the scheme together with the abilily to change 
the size of the "paclcets of charge", by changmg the voltage with which the input capacitor of the 
comparator is pre-charged, enables a programmable dynamic range, i.e., number of quantization bits, 
and consequently the speed of conversion: smaller packets of charge enable a largo: number of bits, 
but will increase the number packets of charge to be subtracted from the charge reservoir, resulting in 
longer times to completely discharge the charge reservoir. 

The charge reservoir can be an open system in which more charges can be added at an/ time, even 
while the quantization throu^^ the charge-subtraction process is taking place. Th^efcn-e "saix^ling 
& holding'* of the input signal does not occur. Charge-counting through charge-subtraction never 
stops for as long as the charge in the reservoir exceeds the magnitude of the "digital" packet of 
charge. If the charge in the reservoir is less than the charge in the reference capacitor of the 
comparator, then the comparator is in an "idle'^ mode, standing-by imtil the moment that more charge 
mig^t be added to the reservou:. Under the assumption that any practical ^'charge reservoir'' 
(c^acitor) has a maxinrmnt edacity, the charge-subtraction process should be much faster than the 
rate of addition of more charges into the reservoir, so that its full capacity is never readied 

Since this approach does not rely on a synchronous clock signal, but rather, uses an internal 
"asynchronous feedback" path to generate a digital train of pulses, the proposed approach can 
achieve very low quiescent powCT consun^Jtion. Therefore, it can be viewed as a "serial 
asynchronous conversion scheme", in which no assumptions are made beforehand about the (fynamic 
rai^ of the ixxput signal 

The proposed scheme is essentially free of analog components with the design and tunability 
advantages mentioned earlier. The capacitor Cref is used to discriminate if the charges being 
accumulated are below or above a certain threshold, not to store a particular exact value of charge. 
In this sense there is great similarity with the capacitors used in digital memories, such as Dynamic 
Random Access Memory (DRAM). In these circuits/appUcations the charge stored at capacitors is 
read by sensing if it is above or below at certain reference value. It is therefore perfectly justified to 
say that the Reference Capacitor (Cref), and hence this analog-to-digital conversion scheme, does not 
require analog con^onents. 



In the implementation of FIG. 2, a global extemal reset signal is routed through the "Digital Control" 
block 
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Initialization Procedure 

An initialization procedure is triggered by an external reset The "Charge Reservoir^' CR is 

disconnected from the ccnq)arator: Tl is OFF, T2 is ON. 

Pre-charging of the input capacitor Cref: T3 is ON, T4 is OFF, T5 is ON. 

5 

Quantization Procedure 

The "Charge Resorvoir" CR is coimected to the congjarator: Tl is ON, T2 is OFF. 
The ADC is in standby mode: T3 is OFF, T4 is ON, T5 is OFF. 

10 The timing diagrams illustrating the mode of operation of this second implementation areshoi^ in 

no. 3. 

An escemplary applicatiaa of the analog-to-digital conversion methodology ^of this invention for 
charge signals, is for Image Sensors, and in particular CMOS image sensors. The intrinsic nature of 
15 li^t sensing is the type of signal that produces jfinite amounts of charge, proportional to the number 
of photons or lig^ intensity impinging on the photodiodes. The time during vMch light is absorbed it 
usually called the "shutter time". Diiring this time, a finite nmnber of (barges is coUected 
in a "charge reservoir*' until the moment of readout and/or quantization. 

20 Other applications include optoelectronic transceivers used to convat fiber optics 
telecommunications signals from the optical to the electronic domains. This section details how the 
ADCs of the present invention can be applied to CMOS image sensors. 

Typically, the photo-detector elem^ts in the CMOS sensor matrix are pn-jimction photodiodes. 
25 These photodiodes, because they are not operated in the Gdger mode, produce an analog signal in 
which the signal amplitude is linearly proportional to the number of absorbed photons. In the 
'^photovoltaic mode" each photon produces one electron-hole pair. In the avalanche mode, there is a 
gain mechanism - multiplication by impact ionization - througji v\^hich one photon may generate 
hundreds or thousands of electron-hole pairs. 

30 

Analog-to-digital conversion can be incorporated into CMOS image sensors through different 
architectural options. The ADC of the present invention can be used with ai^ of these different 
architectural options: - One ADC converts the analog signals from all pixels of the sensor matrix, 
- One ADC per column of the soisor matrix, 
35 - One ADC inside each pixel 
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At the present, the most common type of CMOS Imagers are Active-Pixel Sensors, in which the 
circuitry inside each pixel converts the charge signal to a voltage signal which is then converted into a 
digital signal. 

5 Arrangements suitable for "one ADC per column of the sensor matrix" are shown in FIGS. 5 and 6. 
These airangemenis include the same ADCs as the circuits of FIG. 1 and FIG. 2, respectively, with 
two extra transistors Tr and TO. The charge reservoirs are not adjacent to the ADC and are in feet 
nmltqilexed over the colmrni metal line. The pixel region does not show the photodiode, nor the 
drcuitty - if any - controlling the photodiode. 

10 

The extra transistors Tr are turned ON and OFF by the Row-Select signal. All the pixels in a metal . 
column are read sequaitially over the same metal line. The Row-Select signal selects which pixel has 
access to the metal line. The extra transistor TO is a transistor meant to discharge the metal line use 
for pixel readout TO is activated when there is an initialization procedure or an External Reset 
15 command. 

Analog-to^edtal ccmversion methodology for voltage signals. 

The conversion througji extrapolation uses a single slope method to obtain a digital representation of 
20 the time interval taken by the time-transient voltage V(t) across the capacitor Cref to reach the value 
Vref 

Workmg with the transient signal across a cs^acitor is a scheme that, by definition, does not require a 
traditional San^le & Hold (S&H) circuit, thus avoiding problems such as aprature jitter. In addition, 
25 the extrapolation conversion scheme is also free from the constraint of a predetermined dynamic 
range specification, which is typically imposed by the expected voltage swing at the S&H circuitry. 

Fmthermore, this extrapolation method does not rely on any externally provided synchronization 
signal. A clock signal is used not to dictate a time base, but only to count the time it takes for the 
30 input signal to reach the value of Vref. The minimum time interval taken to perform the conversion, 
that is, the time interval Tref for the time-transient voltage V(t) across the capacitor Cref to reach the 
voltage value Vr^ must always be longer than the poiod of the oscillation of tiie clock Tclock. 

The concept of the extrapolation method is based on the analytical modeling of the transient voltage 
35 across a charging capacitor Cref for a constant iiq>ut voltage Vin. 
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In reality, the input signal is not constant birt time-evolving Vin(t). However, if the time interval 
required for the conversion througji eJrtrapolation is much smaller than the time interval needed for 
the iiq)ut signal to diange appreciably, flien the input signal can be taken to be constant in 
comparison to the transient Under this condition, the extrapolation scheme being described here is 
5 perfectly valid. Should the assunq)tion be violated, that is, should the input signal Vin(t) change in 
time intervals comparable or even shorter than the time, interval required for the conversion, then 
there would be a time-averaging effect, having some similarity to the effect of "sampling and 
holding" the input signal. In other words, the extrapolation scheme becomes less accurate for the 
con^onarfs the input signal Vm(t) having frequencies close to the m a x i mi m i conversion frequoicy. 

10 

The extrapolation method has two aspects. The first is the measuronent of the time interval that it 
takes for the input signal to reach a known voltage level The second is the use of a series of 
analytical formulas to derive the digital value of what the final voltage across the capacitor should be. 

15 The formulas below illustrate how the extrapolation scheme can derive the absolute magnitude of the 
analog input signal. The voltage across the capacitor Cref with the residual charging resistance of R 
is given by the analytical expression (1) below, where "Exp" denotes the natural exponential 
function. In the formulas bdow, the time-variable mpvit signal Vin(t) will be represented just as Vin, 
because it is assumed to be constant during the transient and conversion. 

20 V(t) = Vin x{l-Expht/(Rx Cref)]} (1) 

For a given constant reference voltage Vref, such that 0 < Vref <yin, it is possible to define the time 
Tref it takes for the voltage V(t) to reach Vref 

Vref = V(t = Tref) = Vin x {1 - Exp[-Tref /(R x Cref)]} (2) 

which can be rearranged as: 
25 1 - (Vref /Vin) = Exp[-Tref /(R x Cref)] (3) 

After some simple algebraic, manipidations,. one arrives, at the analytical expression (4) for Tref; 

where "Ln" stands for the natural logarithm function. 

Tref = R X Cref X Ln[yin/(Vin - Vref)] (4) 

The digital value of Vref is known, because it is the content of a register corresponding to a specified 
30 known voltage. The time constant RsCref of capacitor Cref can be found through a simple test and 

calibration procedure. 

Knowing RxCref and Vref, it is possible to express Vin as a transcraidental function of RxCref, Vref; 
and Tref, as shown ki equation : Vin = Vref /{I - Exp[-Tref /(R x Cref)]} (5) 
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This means tiiat having digital values for Vref and RxCre^ makes possible to evaluate Ihe expression 
Vref /{I - Exp[-Tref /(R x Cref )]} for any Tref, and obtain the digital value for Vin. 

The analog-to-digital conversion methodology as described above can be implemented in difGsrent 
5 ways. The foUowing two are given for exemplary purposes. 

FIG, 7 shows a circxiit diagram exemplifying a first possible implementation of the present invention 
for handling input voltage signals of positive polarity only. This implementation includes a hardware 
multiplier. Widi this implementation, once the clock stops, the digital value for the time Tref is 
10 plugged in into the formula Vref /{I - E3q>[-Tref /(R x Cref)]}. The formula is evaluated in a 
time inten^al conqjatible with the desired conversion speed. The hig^st possible conversion speed 
requires a hardware multipUer. 

FIG. 8 shows a circuit diagram exemplifying a second possible implementation of the present 
15 invention for handling input voltage signals of positive polarity only. With this implementation, once 

the clock stops, the "Control" unit looks up a 3-dimensional table to find which digital value of Vin 
. corresponds to the time given by the clock, for the particular value of Vref used in that cmversion. 

This table has pre-con^uted values of Vin, according to the formula 

Vref /{I - Exp[-Tref /(R x Cref)]}, for a range of values of Vref and Tref, and for the constant 
20 RxCref Depending on the number of entries for Vref and Tre^ this table could be very large. 

In FIG. 9 there is shown a circuit diagram exemplifying a first possible implementation of the present 
invention for handling input voltage signals of positive and negative polarities and in FIG, 10 there is 
shown a circuit diagram of a second possible implonentation of the present invention for handling 
25 input voltage signals of positive and negative polarities. 

As it can be seen in the drawings, input signals of opposite polarities are processed in identical but 
separate branches. The branch handling positive input voltages has positive Vref (called Vref+), 
positive Vpr (called Vprf) and positive VDD (voltage level of the power supply for NMOS devices). 
30 The branch handling negative input voltages has negative Vref (called Vref-), negative Vpr (called 
Vpr.) and negative VDD (called VSS). 

In the proposed schane, the magnitude of Vref (for both positive and negative vdtages) can be 
digitally programmed, that is, selected fironi a set of preddSned voltage values. These can be 
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intplemented in a very single manner. FIG. II shows an exemplary circuit in^Iemeated with NMOS 
devices for handling positive voltages. A similar scheme shoim in FIG. 12 is implemented with 
PMOS devices to handle negative vdtages. 

Even though the analog-to-digital conversion method of the present invention does not predefine or 
limit the number of bits of the output binary stream, any actual inq}lementation of the method is 
forced to make choices about the number of bits for the representation of the different parameters, 
Vref, RxCref, Tref, resolution of the clock, precision of the hardware multiplier, etc. 

The calibration step is achieved by fbdng the mput voltage to the e?q)ected maximum input signal 
voltage, say 5 volt and using anoth^ reference voltage, for exsraplQ 1. volt, to determine the value of 
the time constant RxCref. For any capacitor, this value has to be determined and stored in a registo: 
only oacG, After that procedure the value is available for any subsequent use in calculations. 

Another fiactor to be taken into account is the possible loss of precision due to the inhoreat digital 
approximation to the solution of equations (4) in the quantization process of the proposed method. 
The digital control circuit can choose the qseration point, meaning the target values for Vre( so that 
the time it takes to charge the capacitor Cref to reach the voltage Vre^ is a ""good" choice £ix>m the 
viewpoint of having a large enough number of quantization bits. 

The conversion rate, which limits the maximum frequency of the input signal possible to quantize, is 
dependent on, and inversely proportional to, the time interval Tref, i.e., the time necessary for the 
input signal to match Vref Therefore, the smaller the value of Vre^ the shorter the tim^ interval Tref 
during which tl^ counter is running, and therefore the fiaster the conversion rate. In the 1in«t, the 
maximTim frequ^cy of the input signal possible to track by this conversion method is inversely 
proportional to the shortest possible time interval, which is the period of oscillation of the clock 
Tclock. Conversely, the higher the frequency of the clock Fclock, the higher the mflvimiTm frequency 
of die input signal Vin(t) the conversion method can track 

FIG. 13 shows the charging up of a capacitor with the defkiition of the parameters, Vin, Vref RxCref 
and Tref 

On the other hand, larger values of Vref imply longer time intervals Tref for counting, which means 
more clock cycles for the same value of the input signal Ym{t). The larger the number of clock 
cycles for a giv^ value of Vm(t), the smaller the extrapolation error. 
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The error being consid^ed here originates from the fact that for a same Vin(tX two different values 
of Vref produce two different slopes for the analytical curve for V(t), while obviously yielding the 
same digital value at the counter. However, the larger the slope, the smaller the value of Vre^ and 
the smaller the ratio TrefTTclock and hence the larger the roimding error in the determination of the 
exact time interval Tref This can be understood graphically, as shown in FIG. 14, in the following 
manner: as the slope of straight line increases, the same absolute fluctuation on the hori2X2ntal axis, 
produces increasingly larger variations on the vertical axis. 

Therefore the dock that measures the time-transient across the capacitor should have the hig^st 
frequency possible. A very high frequency clock can be made with simple circuit schemes such as 
'Ving oscillators", vAlosg speed is directly related to the intrinsic performance of transistors, which is 
directly related to the technology generation with which the circuits are fabricated, thereby taking 
maximum advantage of the relentless progress of IC fabrication technology, also known as '"Moore's 
Law". 

The cfynamic range (DNR) is detennined by, and proportional to, the fiequency of the clock (Fclock) 
of the time counter monitoring the transient charging up of Ihe capacitor Cref. The higher the 
firequency of the docig Ihe larger the dynamic range. In other words, the maximum dtynamic range 
possible is inversely proportional to the minimum period of oscillation of the clock (Tclock). 

FIG. 15 shows the timing diagrams of the operation of the circuits of FIGS. 7 and 9. 

The Digital Control block included in the circuits shown in FIGS. 7 and 9 perfoims a sequence of 
steps in the absoice of calibration or adjustments of the reference voltage Vref (see Step 1): 

Step 1. The Digital Contrdl blodc sdects the Vref voltage with the suitable an:plitude. 

Step 2. The Digital Control block commands the capacitor Cref to be charged with Vref^ that is to 
have one terminal ejqposed to Vpr and the other exposed to Vref 

Step 3. The Digital Control block commands the terminal of Cref that was exposed to Vref to be now 
esposed to Vin(t), and the other terminal to be disconnected from Vpr. While doing this, the 
"Digital Control" block looks for a transition at the output of the ccxtnparator, which marks 
the moment in time Tref when voltage V(t) across the capacitor Cref reaches Vref 
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Step 4. The Digital Control block commands the resetting of capacitor Cret that is, one terminal of 
Cref is again exposed to Vref while tibe other is connected to Vpr. In the implementation of 
FIG. 7, the Digital Control block transfers the time registered by the clock to the hardware 
multiplier so that the value of Vin is calculated In the implementation of FIG. 9, the Digital 
Control block looks up in a table the pre-calculated digital value of Vin for the Vref used and 
for the time registered by the clock 

The new ADC method of the present invention, is a serial sch^ne, in which the bandwidth, d^ned as 
the product (dtynamic-range x conversion-speecO, is not predefined in hardware. Controlling the 
magnitude of Vrei^ enables the DNR to be increased or decreased, and consequently the conversion 
speed is decreased or increased, respectively. 

Speed of ccnversion should not be mistaken with '^sampling rate", because the input signal is not 
san^led. The new ADC method of the present invention does not have a predefined sampling rate. 
A transition at the output of tiie con:q}arator is used by ^ digital control \mit to calculate the input 
signal, and possibly also as the trigger to start a new quantization procedure. 

With appropriate digital circuitry to monitor the digital value of the iiq>ut signal, it is possible to 
cfynamically adjust the magnitude of Vref in order to optimize, and ac^ust in real tune, the total 
bandwidth available as a fimction of the evolution of the input signal. 

If there are no transitions at the output of Hoe conqjarator, that could be an indication that the value of 
Vref is too large, and that a new quantization process vnth a smaller Vref should be tried. If there 
are no transitions even when Vref is set at its minimum value, which is dependent on the noise level, 
then tiie clock counting time is not stopped, and Cref remains exposed to the input signal (Vin) until 
Vin becomes larger then Vref. Therefore it can be said that the operation is asynxduronous. 

The new ADC method of the present invention requires only digital conq)oneats, such as transistors 
and capacitors, and does not require other devices or circuits, such as DACs. Thus, it can be made 
extremely compact and the design can be quickly ported and scaled for any geno-ation of CMOS 
process technology. It should be emphasized that the new ADC scheme is such that it can. take 
maximum advantage of the constant improvements of CMOS technology (Moore's Law), and 
consequently the total bandwidth of the ADC in:q)roves with each new CMOS generation 
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For a givoi bandwidtJi, the proposed ADC noethod is ultimately liinited by intrinsic transistor 
performance of the CMOS tedmology used, can be controlled to dynamically trade conversion speed 
against c^amic range (number of quantization bits). This dynamic control allows for real-time 
adjtistment to the conditions of observation, thus providiiig an extra degree of freedom for 
optimization. 

For a CMOS implementation of this ADC method, the abseace of clock-driven circuitiy and, if the 
input signal is constant, die fact that no transitions take place in the voltage levels of the transistors, 
result in the power dissipation to be minimal. This intrinsic property is of extreme importance for 
power-sensitive applications, such as all battery-operated products. 

PowCT dissipation is almost entirely channeled to heat generation, which leads to increased 
temperature. Considering that thermal noise is a limiting factor to the signal-to-noise ratio (SNR) of 
many applications, the imnimization of power dissipation can also lead to a significant reduction in 
the generation of thermal noise, and thus to increased S14IL 

ADC methodology with CQmbinatioti of schemes for charge & v olta^ signals 

The schemes used to implement the ADC methodology for voltage and charge signals can be 
combined in a single ADC scheme. The circuit shown in FIG. 16 targets the quantization of complex 
wput voltage signals, such as the multitude of radiofirecjuency signals that are captured by the 
antenna of a cellular phone, for example. Typically there are signals of lower frequency with large 
an:q)litude, such as those from FM radio statiosss, and signals of higher freqiiency and smaller 
amplitude, such as those of cellular telephor^. The frequencies of the second and third generations of 
digital cellular telephony are in the GHz range, at vdule the frequency of FM radio is in the range of 
lOOMHz. 

Conventional ADC mefliods are unsuccessful at dealing with such complex signals in the range of 
frequencies used by cellular telephones. A drawback of voltage-to-frequency methods is that in the 
presence of a large constant signal C'DC component"), a significant portion of the bandwidth of the 
ADC is **wasted*' for the "DC component*', thereby reducing the bandwidth available to quantize the 
fast varying component C'AC component") of the input signal. The circuit of FIG. 16 is highly 
suitable to perform the analog-to-digital conversion of signals captured by the antennas of cellular 
telephones, and for that reason, it is highly usefiil for the realization of a "Software-Defined Radio'*. 
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The preset invention is especially well suited for "always-on" scenarios, in which the detection of 
veiy weak dififereatial signals is necessary, even if in the presence of powerful background sources, 
for as long as the background can be classified as quasi-stationary (for example whose firequency is 
about 1 0 times lower) cQmpared to flie signals of interest 

5 

In the circuit diagrammatically shown in FIG. 16, the top half forms a "first branch" of the ADC 
q)erating in the *'Voltage-to-Time Mode" and deals with voltages of larger amplitude and lower 
frequency. The bottom half of the circuit diagram forms a "second branch" of the ADC operating in 
the "Charge-to-Frequency Mode" and deals with charge signals (small packets of charge). 

10 

The two branches of the circuit inqjlement two different schemes for the conversion of analog input 
signals into two separate serial digital binary streams, which are then combined into a singje serial 
digital binary stream, in a purely digital and programmable fashion. These two branches operate 
independendy and simultaneously on the input signal: the first one operates on the full an^litude of 
15 the input signal Vin(t) while the second one operates on the difEbrential signal [Vin{t) - Vbase]. In 
this expression, Vbase is defined as Vin(t) when t=tO. 

The **brain" of the ADC of the inventiaa is the block called "Etigital Counter & Control", abbreviated 
as DCC. This block is not dialled in the circuit diagram because it just provides the fimctionalities 
20 required for the operation of tiie ADC prqpor. This is a fiilly digital circuit block that receives 
information fi-om catain devices in the ADC and provides control to other devices in the ADC. The 
Digital Counter & Controller (DCC) synchronizes the moment when the first branch starts operating 
on Vin(t) with the moment whai the value of Vbase is fixed, which is the same moment when the 
differential [Vin(t) - Vbase] becomes available to the second branch. 

25 

(>iite commonly the signal of interest for a givai application or functionality coexists with many 
other signals which may be of very different amcpHtude and firequencies. It is very common that the 
signal of interest if masked by lower frequency signals with much larger amplitudes. These lower 
fi-equency signals can be tliought of being quasi-stationary compared to the signal of interest 

30 Therefore, those signals can be treated as if they were a "DC conponent" of the overall signal, while 
the signal of interest , can be thou^t of as the "AC component" of the overall signal. With the 
combination of the extrapolation method and the direct convCTsion scheme, any large "DC 
component (hat may exist in the input signal, is digitized once (as Vbase), in the first branch througih 
the extrapolation scheme. The second branch of the ADC is aofy presented with relative changes to 

35 that value. Therefore, Ihe entirety of the bandwidth of the second branch of the ADC is made 
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avaOable to just the changes referenced to Vbase, and will not be used to quantize a large "DC 
component". 

The extrapolation scheme is only pa-formed if the time evolution input signal Via(t) requires it 
Since the "charge-to-frequency" conversion scheme operates en the time evolution of the diJBEerential 
signal [Vin(t) - Vbase], and since it is an asynchronous process, tiie control command to perform a 
new conversion by the extrapolation method can also be asynchronously dependent on the results of 
the direct conversian. Therefore, after a power up and initialization procedure, or after a "Global 
Resef it can be said that the entire ADC operates asynchronously. 

The block formed by transistors T14/T15 and the blodc formed by transistors T16/T17 are identical 
and have the sole purpose of proving the DCC with information regarding the polarity of the signal 
that th^ are attached to. T14A'15 provide the information about the polarity of the input signal 
Vin(t). T16/T17 provide the information about the polarity of the differential signal [Vin(t) - Vbase]. 

The block formed by transistors T1/T2 and the btock fantned by transistors T22/T23 serve identical 
purposes: proving the conq)arators in each branch with voltage levels that have the same polarity of 
the signal at the symmetric terminal of the same comparator. The DCC siqjplies the information 
regarding which reference polarity is required (meaning winch transistors are ON or OFF). 

In the first branch of the ADC, transistors T8, T9, TIO, Til, capacitors CI and C2 provide a 
conipensatian for the threshold voltage of transistors T6 & T7, and are a conventional arrangement 
for comparators. The very same fimctianality is provided by T29, T30, T31, T32, C3 & C4 for the 
comparator of the second branch of the ADC. 

The input signal is routed simultaneously in parallel to three blocks of the circuit: 

1) The block formed by T14/T15. 

T14/T15 provide the polarity of the raw input signal, Vin(t) to the DCC. Based on this 
information the DCC sends a control signal to TiyT2 to set the Vref to the same polarity of the 
Vin(t). 

2) The block formed by T3/T4 & T5. 

T3/T4 are the first devices mside a comparator, controlling what signals and in what sequence 
have access to the capacitor Cref T5 provides a reset voltage level Vreset to Cref. 

3) The block formed by T12&T13. 
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TI2&T13 have their gates conlrolled by the DCC, in synchronicity with the gates of T3/T4 & T5. 
T 13 provides a reset voltage level Vreset to Cdiff. 

Sequence of Steps for the Initialization Procedure 

Throughout this section, the following abbreviations will be used: 

VDD is the voltage level of the power supply for NMOS de\dces. 

VSS is the voltage level of the power supply of PMOS devices. 

VDD ^ -VSS. For cxaxnph for a 0. ISiua technology, typically the VDD = l.SVolts. 

Vreset is the voltage for resetting the devices that it is attached to. hx this circuit it is zero 

volts or ground voltage. 

The moment t = tO is when the circuit is undergoing an initialization procedure due to 
"Power Up" or "Global Reset". 
Vin(t) is the tirne-variable input signal. 

Vbase C*Base Voltage**) is the ii^ut signal at the momfiot oft = tO, ie., Vbase = Vin(t=tO). 

Cref is the capacitor inside the comparator working in the "VoItage-to-Time Mode". 

Vref+ is the positive reference voltage for the **Voltage-to-Tinie Mode" 

Vref-, is the negative reference voltage for the ''Voltage-to-Time Mode". 

Cthr is the capacitor inside the comparator working in the "Charge-to-Frequency Mode". 

Vthrf is the positive threshold voltage for the "Charge-to-Frequency Mode". 

Vthr- is the negative threshold voltage for the "Charge-to-Frequency Mode". 

Cdiff is the c^acitor that provides the differential signal for the second branch to operate. 

The DCC acquires the information about the polarity of Vin(t) and signals to T1/T2 which one is to 
be ON, i.e. it signals the polarity of Vref that will be provided to T4. 

Time = to 

T4&T5areON, T3 is OFF. 

Cref is charged with the Vref (of the suitable polarity). 

T12 & T13 are ON 

Cdiff has one terminal connected to Vreset, while the other is exposed to the instantaneous signal 
Vin(t). 



Time^tl 

T3 turns ON, T4 & T5 turn OFF. 
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Cref is now CKposcd to Vin(t), and therefore [Vrnfy) - Vrefl is applied to the gates of T6/r7. The 
ou^ut of T6/T7 is monitared by the DCC. 
T12 remains ON, T13 is turned OFF. 

The value of Vin(t) mimediately before T13 is switched OFF (t = tO)), becomes Vbase. 

From now on (ie., T > tl), the voltage across Cdiff is [Vin(t) - Vm(t = tO)]. which according to the 

definitioa of Vbase given above, is the same as [Vin(t) - Vbase]. 

For as long as T12 remaiais ON, [Vin(t) - Vbase] continues to change continuously reflecting the 
dianges to Vin(t) in real time. 

T18 & T21 are OFF, T19 & T20 are ON, T25 is at Vreset 

The information about the polarity of iyin(t) - Vbase] is provided to the in real time DCC by the 
block of T16/T17. With this information the DCC sends a control signal to T22/T23 in order to 
provide T24 with Vthr of the same polarity as [Vin(t) - Vbase]. 
T24 & T26 are ON, T25 is OFF. 

Cthr is charged with Vthr (of the same polarity as [Vinft) - Vbase]). 

T18 & T19 turn ON, T20 & T21 are OFF, T24 & T26 torn OFF, T25tunis ON. 

When [Vin(t) - Vbase] reaches the value of Vthr that Cthr was pre-charged with, the output of T27 

& T28 will show a ripple that is read by the DCC. 

Time = t3 

The moment that a rqjple shows a the output of T27 & T28, the DCC immediately sends a control 
signal for "Local Resetf : 

T19 turns OFF {T18 remains ON), T21 turns ON (T20 rcanains OFF), T24 & T26 tum ON, T25 

turns OFF. 

Therefore Cthr is pre-charged again with Vthr of the suitable polarity (which may cr may not have 
changed). 

A new cycle of the steps described mder T=t2 and T=t3 can start agaiiL 

If fee vahie of the differential signal iyin(t) - Vbase] does not reach the value of Vthr, then the 
capacitor Cref will remain pre-charged with Vthr, and there is not ripple at the output of T27/T28. 
Tlierefore this branch of the ADC remains in this state until the moment that [Vin(t) - Vbase] 
matohes or exceeds Vthr. 
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FIGS. 17 and 18 show tuning diagrams of the mode of operation of the implementation of FIG. 16. 

If the dynamic range of the differential signal [Vin(t) - Vbase] is too largp, the output of T27/T28 
toggles at the Tnavfrmitn speed allowed by the intrinsic performance of the transistors, leading to a 
counter overflow. This can be solved or avoided, by increasing the annplitude of Vthr+ and Vthr-, 
that is, by increasing the quantizatLon step, and consequently increasing also the quantization error. 

If the dynamic range of the differential signal [V in(t) - Vbase] becomes too large even when Vthr is 
set to its maximum possible value, then there will be a "Global Reset" process, during which the 
acquisition of a new value for Vbase takes place. The sequence of steps is identical to that of the 
"Initialization Procedure" described above. 



